abstract: Herbivory has many effects on plants, ranging from shifts in primary processes such as photosynthesis, growth, and phenology to effects on defense against subsequent herbivores and other species interactions. In this study, I investigated the effects of herbivory on seed and seedling characteristics of several families of wild radish (Raphanus raphanistrum) to test the hypothesis that herbivory may affect the quality of offspring and the resistance of offspring to plant parasites. Transgenerational effects of herbivory may represent adaptive maternal effects or factors that constrain or amplify natural selection on progeny. Caterpillar (Pieris rapae) herbivory to greenhouse-grown plants caused plants in some families to produce smaller seeds and those in other families to produce larger seeds compared with undamaged controls. Seed mass was positively associated with probability of emergence in the field. The number of setose trichomes, a putative plant defense, was higher in the progeny of damaged plants in some families and lower in the progeny of damaged plants in other families. In a field experiment, plant families varied in their resistance to several herbivores and pathogens as well as in growth rate and time to flowering. Seeds from damaged parent plants were more likely to become infested with a plant virus. Although herbivory on maternal plants did not directly affect interactions of offspring with other plant parasites, seed mass influenced plant resistance to several attackers. Thus, herbivory affected seed characters, which mediated interactions between plants and their parasites. Finally, irrespective of seed mass, herbivory on maternal plants influenced components of progeny fitness, which was dependent on plant family. Natural selection may act on plant responses to herbivory that affect seedling-parasite interactions and, ultimately, fitness.
Nearly every plant is subject to parasitism by herbivores, and in many cases herbivory reduces plant fitness. Thus, herbivory may select for defenses that reduce herbivory or its consequences for the plant (Marquis 1992) . Plant defenses against herbivores can take many forms, including toxic chemicals, antinutritive compounds, and physical barriers to attack. Furthermore, such defenses can be expressed constitutively (all of the time) or induced following attack by herbivores. In plants that exhibit facultative, or inducible, defenses, leaf damage can cause induction of resistance mechanisms in roots, shoots, and flowers of the plant (Karban and Baldwin 1997) . Such induction can be adaptive in that it increases the fitness of plants in the presence of herbivores (Agrawal 1998) .
In addition to the effects of herbivory on subsequent plant resistance, herbivory necessarily causes a reduction in leaf area and resources for the plant. Reductions in resources available to the plant caused by herbivory can decrease survivorship, growth, floral characters, pollen number and size, and seed number and mass (Crawley and Nachapong 1985; Marquis 1992; Quesada et al. 1995; Mutikainen and Delph 1996; Maron 1997; Strauss 1997; Bigger and Marvier 1998; Agrawal et al. 1999a ; but see Strauss and Agrawal 1999 for a review of plant tolerance to herbivory). Thus, herbivory can have direct effects on the fitness of a host plant through effects on the number and/or vigor of the plant's offspring. I propose that herbivory may also have a delayed effect on the fitness of a plant by altering the resistance of its offspring to herbivores and pathogens. Because seeds develop in the maternal environment, and the maternal environment may predict the offsprings' environmental conditions, transgenerational effects of herbivory may provide a mechanism for adaptive maternal effects.
Traditionally, maternal environmental effects on phenotypes of progeny have been measured in terms of the resources parents have available and can invest in offspring (Roach and Wulff 1987; Aarssen and Burton 1990; Schmitt et al. 1992; Rossiter 1996) . For example, plants grown with mycorrhizal mutualists were larger and produced more vigorous offspring compared with plants without mycor-rhizal associates (Heppell et al. 1998) . Such maternal effects may be largely due to increased resource acquisition via mycorrhizal associates and, although adaptive, may reflect passive transmission of nutrients from mother to offspring. Alternatively, maternal effects can also take the form of apparently more "active" investments in offspring that may not be based solely on limiting nutrients (Dussourd et al. 1988; Mousseau and Dingle 1991; Fox et al. 1997) . For example, diabroticine beetles feeding on plants containing cucurbitacins (secondary compounds) allocate these compounds to their eggs. Male beetles provide cucurbitacin-rich "nuptial gifts" to females that are then incorporated into the eggs of the recipient (Tallamy et al. 2000) . Beetle eggs containing cucurbitacins are protected from predation and parasitism by insect predators, entomopathogenic nematodes, and fungal entomopathogens (Barbercheck et al. 1995; Tallamy et al. 1998) . Plants can also endow defenses to their progeny. Plants that produce defensive compounds in their roots, shoots, and reproductive structures can potentially incorporate such defenses in their fruits and seeds. In fact, fruits and seeds are often the most protected plant tissues (Janzen 1971; Zangerl and Rutledge 1996; Cipollini and Levey 1997) .
I examined the effects of herbivory to parents on resistance characters of their offspring. In other words, I asked if herbivory and plant responses associated with herbivory could cause transgenerational effects, whereby offspring of damaged plants are more or less resistant to herbivores than offspring of undamaged plants. Several lines of evidence suggest that transgenerational inducible defenses are possible in plants. First, chemical induction has been reported in the reproductive structures of plants (Baldwin and Karb 1995; Zangerl and Rutledge 1996; Karban and Baldwin 1997) . Many plant species in the Brassicaceae (the subject of this study) induce high concentrations of putatively defensive glucosinolates in plants attacked by herbivores compared with controls (Koritsas et al. 1991; Bodnaryk 1992; Bodnaryk and Rymerson 1994; Siemens and Mitchell-Olds 1998; Agrawal et al. 1999a ). Moreover, Brassica plants infested with herbivores grown in the field and greenhouse produced seeds containing higher concentrations of glucosinolates than control plants that were not infested (Lammerink et al. 1984) . In addition, recent work has shown that inducible defenses can be activated at the seed germination stage using natural chemical elicitors of induced resistance (Arimoto et al. 1991; Siegrist et al. 1997; Jensen et al. 1998) . Thus, if herbivory results in the allocation of defensive compounds to ovules before seed development is complete, then offspring from damaged plants may be better defended than offspring from undamaged plants. Alternatively, defense genes induced by herbivory (e.g., Ryan 1990; Zhu et al. 1996; Glazebrook et al. 1997 ) may be activated in reproductive parts, including ovules, and this may render offspring from damaged plants "preinduced" compared with offspring from undamaged plants.
Transgenerational induction is a form of plasticity in plant defense. It is only likely to be adaptive if the herbivore environment in one generation accurately predicts the herbivore environment in subsequent generations (Mousseau and Fox 1998; Karban et al. 1999 ). This assumption may be met for plants in which seeds are held on the plant, seeds are not dispersed very far, or for situations in which herbivores exhibit site fidelity or cyclical population dynamics. In other words, transgenerational induced plant defenses may benefit plants in situations where plants that are under herbivore attack will have offspring that experience similar levels and types of herbivory.
Many aspects of the evolutionary ecology of induced responses to herbivory have been well studied in wild radish plants. For example, both trichomes and indole glucosinolates increase following plant attack by pierid caterpillars (Agrawal 1999b; Agrawal et al. 1999a) . In field experiments with natural levels of attack, induced plants were protected from several herbivores and produced 60% more seed than uninduced controls (Agrawal 1998) . In environments without herbivores, induction was associated with costs, although mostly in components of male fitness . Such phenotypic benefits of induction in the presence of herbivores and costs in the absence of herbivores indicate that induced plant responses are a form of adaptive plasticity (sensu Dudley and Schmitt 1996) . This study sought to extend our understanding of plant responses to herbivory, beyond the generation that received herbivory, to examine effects of herbivory on the progeny of damaged plants. The effects of herbivory on the resistance and reproductive success of offspring were examined in wild radish plants of known maternal origin. Specifically, I asked three questions. First, does herbivory affect the seed mass of wild radish? Second, does herbivory on maternal plants and seed mass affect the resistance of offspring to herbivores and pathogens? And finally, does herbivory on maternal plants and seed mass affect the growth, phenology, and fruit production of the progeny?
Material and Methods

Study System
Raphanus raphanistrum (Brassicaceae) is a cosmopolitan, self-incompatible annual plant found in disturbed sites. In northern California, where this study was conducted, wild radish plants germinate in the late winter though early spring (December-February), flower through late spring (February-June), and produce indehiscent seeds by early summer (May-July). Generalist and specialist folivores of wild radish include various caterpillars, aphids, beetles, and mollusks. Seed predators of wild radish include those that feed on immature seed pods (Pieris rapae larvae, flea beetles, and stink bugs) and those that feed on mature seeds (birds and possibly ants; S. Courtney, personal communication).
Effects of Herbivory on Seed and Seedling Characteristics
I used R. raphanistrum seeds from a second generation of untreated, greenhouse-grown plants (see fig. 1 for experimental design) for this experiment in order to equalize maternal environment effects between families. I collected approximately 10 seeds from each of 13 maternal families (full or half sibs). Plants were grown in a greenhouse in 0.8-L pots in Sunshine Soil Mix #1 (Sun Grow Horticulture, Bellevue, Wash.). Natural light was augmented with sodium vapor lights on a 16L : 8D cycle. Pots were randomly placed in trays (approximately 8 pots per tray) and were watered from below using automated emitters. Each pot received one dose of 0.3 g of 17N : 9P : 13K Osmocote slow-release microfertilizer (Scotts-Sierra, Marysville, Ohio). To minimize the effects of temperature and light heterogeneity within the greenhouse, each tray was moved (both within and among rows) every other day for the duration of the experiment. At the four-leaf stage, each plant was randomly assigned to one of two treatments (three to five plants per treatment per family): unmanipulated controls and 50% of each leaf consumed by a caged P. rapae larva, a natural herbivore of R. raphanistrum. In natural populations, approximately 15% of plants have 50% of their leaf tissue removed by herbivores (S. Y. Strauss, personal communication) . Caterpillars were contained in small "clip cages" made from the tops of 5-cm petri dishes. Two petri dish tops were used as the cage and were secured using a bent hair clip glued to the top and bottom of the cage. A wooden stake was used to support the cage structure so as not to weigh down the leaves.
Cages were placed adjacent to the midrib of a leaf, and caterpillars fed on tissue within the cages. After all leaf area within the cage was eaten, I moved the cage along the leaf until the area on one side of the midrib was entirely consumed. The caterpillar herbivory treatment was maintained throughout the growth of the plant. In other experiments, wild radish plants with empty clip cages produced the same number of flowers as control plants without clip , ; see also Lehtilä and Strauss 274 ‫ע‬ 25 P k .05 1999) . In addition, empty clip cages were not found to induce resistance in wild radish plants (Agrawal 1999b (Agrawal , 2000 .
Seeds from experimental plants were collected and counted after plant senescence. Effects of herbivory on seed set are reported elsewhere . Mean mass of individual seeds was calculated for each plant by randomly extracting individual seeds from 10-25 seed pods and weighing them to the microgram using a Mettler-Toledo UMT-2 balance (Hightstown, N.J.). Effects of family and herbivory on seed mass were assessed using a mixed-model ANOVA, with family as the random effect and herbivory as the fixed effect. All analyses were performed using the MGLH routine in SYSTAT version 7.0 for MS Windows (Wilkinson 1997) with Type III sums of squares.
To examine the effects of maternal herbivory on seedling characteristics, resistance to herbivores, and fitness, I conducted a field experiment. Eight to 10 seeds from each of 61 maternal plants within eight grandmaternal families (a total of 500 plants) were sown in a completely randomized design in a plowed field at the University of California student experimental farm (Davis, Calif.). The eight grandmaternal families were chosen because they spanned the full range of under-to overcompensation for herbivory . Although this is a pseudorandom sample of the entire population, it is considered as a fixed effect for subsequent analyses because the range of compensating families are equally represented. The seeds were watered once before seedling emergence, and the plot was not further irrigated or weeded. Very dense weeds established early in the season. As an initial measurement of fitness, seedling emergence was monitored twice weekly for the first month of the experiment. For each of the 61 maternal families, the percentage of seedlings that emerged was calculated. Effects of maternal environment (with or without herbivory; fixed effect) and grandmaternal origin (fixed effect) on percentage seedling emergence in the field were analyzed using two-way ANOVA. Seed mass was used as a covariate because it may have affected seedling vigor and thus emergence and establishment. Data for percentage emergence were logit transformed for analyses to improve the normal distribution (Trexler and Travis 1993) .
In a complementary analysis, I examined the effect of seed mass on seedling emergence using logistic regression. Here, emergence of individual plants was the response variable. This analysis treated each seed as independent and was strictly used to examine the relationship between seed mass and emergence.
At approximately the four-leaf stage, an unidentified virus infected many of the plants and caused the leaves to curl and considerably thicken. Infection was scored as present or absent. For each of the maternal families, the percentage of plants infected was calculated. Effects of maternal environment (with or without herbivory; fixed effect) and grandmaternal origin (fixed effect) on incidence of the virus were analyzed with ANOVA, with seed mass used as a covariate in the analysis. Seed mass was used as a covariate because it may have affected seedling size and vigor and therefore infection level. Data for percentage emergence and percentage plants infected with the virus were logit transformed for analyses to improve the normal distribution. Here again, I conducted an additional analysis using logistic regression to establish the direct relationship between seed mass and infection.
Several other seedling characters were measured on each plant (in units per plant): number of black necrotic lesions (typically indicative of attack by a pathogen), number of feeding pits by an unknown herbivore, and number of aphids. These plant attackers were treated as nonindependent and were included together in a multivariate analysis. As an indicator of growth, I measured the number of expanded leaves 1 mo after seedling emergence. Plant phenology and male seed-siring success were estimated by the number of open flowers per plant 2 wk after the first open flower was observed. Ashman et al. (1993) found that early season flower number was strongly positively associated with male fitness (seed-siring ability) for populations of wild radish in Davis, California. At the end of the season, total fruit mass was measured as an indicator of female fitness. Fruit mass is a good predictor of the number of seeds produced ( ,
N p 624 r p 0.80 P ! .05 data from Agrawal 1998 Agrawal , 1999b . The three measures of plant performance (early season growth, flowers, and seed set) were treated as nonindependent in a multivariate analysis.
A separate greenhouse experiment was conducted to examine the effects of herbivory on maternal plants on the number of trichomes (a putative defensive character) on the progeny. One or two seeds from each of 35 maternal plants (within six grandmaternal families) were weighed and planted in the greenhouse. When the first true leaves were fully expanded, I cut out a 2-cm 2 disk near the apex of each leaf using a cork borer. I counted the number of trichomes on the top and bottom of the leaf disks and multiplied the density of trichomes by the total area of 
Note: Grandmaternal family is tested over maternal family (G # M); maternal environment is tested over maternal family (G # M); grandmaternal family # maternal environment is tested over maternal family (G # M); maternal family (G # M) is tested over error. G p grandmaternal family; M p maternal environment; F p maternal family. Parentheses represent nesting. Seed mass was entered as a covariate. Here, j 2 with a subscript represents the variance due to subscripted effect when at least one of those is a random effect; j 2 with no subscript represents the error variance. The v 2 represent the variance due to the subscripted effects when all of the effects noted are fixed. In this mixed-model ANOVA, the F ratio for the maternal environment was calculated using the maternal environment by family interaction df and ms in the denominator; the family and maternal environment by family interaction was calculated using the error df and ms in the denominator. the leaf (measured by a digital portable area meter, Li-Cor 3000, Lambda Instruments, Lincoln, Nebr.) to estimate the total number of trichomes on the leaves.
Effects of grandmaternal family (fixed effect), maternal environment (i.e., herbivory treatment; fixed effect), maternal family (nested within grandmaternal family by maternal environment interaction; random effect), and seed mass (covariate) on seedling characters were analyzed using mixed-model (M)ANOVAs (see fig. 1 ). Effects of grandmaternal family, maternal environment, and grandmaternal family by maternal environment interaction were tested using the maternal family nested in the grandmaternal family by treatment interaction mean squares and degrees of freedom in the denominator (see expected mean squares in table 1).
Results
The effects of herbivory on individual seed mass varied by family, with five families having greater seed mass and eight families having lower seed mass than controls when plants were damaged by caterpillars (table 2; fig. 2 ). This result indicates that there was genetic variation for effects of herbivory on seed mass. The maximum positive and negative effects of herbivory on seed mass were of equal magnitude, with up to a 50% increase or decrease in seed mass associated with herbivory, depending on the family ( fig. 2) .
Overall, plants that emerged came from seeds that were 9% heavier than seeds that did not result in an established plant (logistic regression: , ; fig. 3 ). 2 x p 6.262 P p .015 Leaf herbivory to maternal plants did not directly affect the percentage of emerged seedlings within each maternal family, grandmaternal family had no effect on emergence, and there were no interactions (all , all ). F ! 1.5 P 1 .35 In the greenhouse experiment to examine effects of herbivory on trichome number in the progeny, I found no significant main effect of maternal environment on trichome number. However, grandmaternal families showed high levels of variation for their response to herbivory, with some families more than doubling the number of trichomes on leaves of the progeny of damaged plants and other families showing a 40% reduction in leaf trichomes in the progeny of damaged plants (table 3; fig. 4 ). Seed mass (and subsequent leaf area) did not explain the differences in the number of trichomes (table 3) .
Herbivory on maternal plants and seed mass all influenced the probability that plants (offspring) within a maternal family would be infected with the leaf curl virus in the field (table 4; fig. 5 ). The logistic regression analysis confirmed the ANOVA, with seed mass being positively associated with probability of infection ( , 2 x p 3.767 ). Seedlings from damaged mothers were 25% P p .052 more likely to be infected than seedlings from undamaged mothers.
There was evidence for genetic variation in constitutive resistance to the three other abundant plant parasites (tables 5, 6). There were significant effects of grandmaternal family for number of feeding pits created by an unknown herbivore and number of aphids per plant. Although herbivory on maternal plants did not directly affect resistance to the plant parasites, seed mass was significantly correlated with the number of pits and aphids per plant and marginally correlated with the number of lesions per plant (table 6; fig. 6 ). Given that maternal environment did affect seed mass (table 2; fig. 2 ), there is an indirect effect of maternal environment on resistance of the offspring to various parasites. The relationship between seed mass and resistance to the parasites was negative. In other words, larger seeds produced plants that were less resistant to parasites ( fig. 6 ). Components of plant fitness were influenced by grandmaternal and maternal family and by seed mass (tables 5, 7). In addition, there was a marginal grandmaternal family by treatment interaction ( ), suggesting that her-P p .055 bivory on maternal plants (maternal environment) affected fitness components in some families, irrespective of seed mass ( fig. 7) . In univariate analyses, this interaction term was equally weak for effects on number of leaves per plant, flowers, and fruit mass (table 7) . Maternal effects, including both those that were correlated with seed mass and those that were not, dissipated as plants grew, with the strongest effects detectable only early in the season.
Discussion
Effects of Herbivory on Seed and Seedling Characters
Many biotic and abiotic factors are known to affect seed set of plants. For example, herbivory may affect the quantity and quality of seeds. Seed mass variation is ubiquitous, and its consequences have been well studied in wild radish plants (Stanton 1984 (Stanton , 1985 Mazer 1987) . Although seed mass may vary within individual plants, biotic and abiotic effects on seed mass were previously thought to be relatively small compared to effects on seed number (Harper et al. 1970; Harper 1977; Weiner et al. 1997) . Constancy in seed mass was thought to come at the expense of seed number. There is a weak negative phenotypic correlation, however, between seed number and seed mass in the wild radish system ( , ; data from Agrawal et 2 r p 0.054 P ! .001 al. 1999a). In addition, several studies have shown that folivory can result in increases or decreases in mean mass of individual seeds (Maun and Cavers 1971a, 1971b; Hendrix 1979; Lee and Bazzaz 1980; Crawley and Nachapong 1985; Wulff 1986 ). I found that the effects of herbivory on seed mass depended on maternal family. Effects of herbivory were as large as family effects and were equal in terms of magnitude in both the positive and negative direction ( fig. 2 ). This suggests that there is genetic variation for maternal effects, a necessary but rarely quantified aspect of the evolution of maternal effects (Schmitt et al. 1992; Platenkemp and Shaw 1993; reviewed in Donohue and Schmitt 1998) .
In addition to effects of herbivory on seed quantity and mass, herbivory may also alter seed viability (Marquis 1984; Murega and Khaemba 1985; Simmons and Yeargan 1990; Karban and Lowenberg 1992) and concentrations of primary (Burton et al. 1995) and secondary metabolites in seeds (Lammerink et al. 1984) . For example, nitrogen, protein, and carbon concentrations may be lower in seeds from damaged plants, and these effects may alter seedling vigor, competitive ability, and resistance to herbivores. In a companion study (Agrawal et al. 1999c ), however, I found no evidence that herbivory affected the total nitrogen or carbon composition of seeds. Secondary metabolite composition may also be altered in seeds of damaged versus control plants (e.g., Lammerink et al. 1984 ). Glucosinolates are an important class of sulfur containing mustard oil glycosides that have been extensively studied and are thought to be involved in plant resistance against vertebrates, invertebrates, and microorganisms (Chew 1988; Louda and Mole 1992; Giamoustaris and Mithen 1995) . I found that glucosinolate profiles shifted in seeds from damaged plants compared with those from undamaged plants, and this was not variable between plant families (Agrawal et al. 1999c) . Generally, I found that indole and aliphatic glucosinolates and the total number of glucosinolate peaks declined in seeds from damaged plants compared with controls, whereas hydroxylated glucosinolates increased in seeds in response to foliar herbivory. It is not known which classes of glucosinolates have antiherbivore properties in seeds; however, it is known that herbivory generally results in foliar induction of only indole glucosinolates (Koritsas et al. 1991; Bodnaryk 1992; Bodnaryk and Rymerson 1994; Agrawal et al. 1999a) .
Seed glucosinolates are affected by many factors and are known to be primarily maternally inherited (Haughn et al. 1991; Magrath and Mithen 1993) . In addition, seed chemistry determines the glucosinolate profile of seedlings and in some cases the resistance of seedlings to herbivores (Glen et al. 1990 ). Rapid-cycling Brassica that were infested with a nonvertically transmitted virus produced seeds with a higher glucosinolate concentration than uninfected plants (Shattuck 1993) . Lammerink et al. (1984) showed that mustard plants infested with aphids produced seeds with higher total glucosinolate concentrations than uninfested plants. However, wilting of the plants, which may be caused by excessive aphid feeding, is also known to cause increased seed glucosinolate content (Milford and Evans 1991; Jensen et al. 1996) . In this study, maternal plants were at no time water stressed and were fed on only by leaf-chewing caterpillars. Thus, effects of herbivory on seed chemistry were not likely due to water stress.
In some of the grandmaternal families, herbivory on the maternal plants caused progeny to have increased numbers of trichomes compared with the undamaged maternal plants (fig. 4) . In other grandmaternal families, trichomes declined on the progeny of damaged maternal plants compared with the undamaged maternal plants. Setose trichomes may have many functions, including creating a boundary layer, functioning in gas exchange, and so forth (Woodman and Fernandes 1991; Ripley et al. 1999) , and are a putative defense of plants in the Brassicaceae. In Brassica rapa, plants that are closely related to Raphanus raphanistrum, lines selected for high densities of trichomes had reduced leaf area consumed by Pieris rapae larvae compared with plants selected for low densities of trichomes (Å gren and Schemske 1993). Thus, like the effects on seed mass, there is genetic variation for the maternal effects of herbivory on leaf trichomes, which is involved in plant resistance to herbivores.
Maternal environment has also been shown to be important in the chemical phenotypes of plants. In the resinous shrub Diplacus aurantiacus, quantitative genetic studies showed that maternal effects explained 21% of the variance in resin production, which is thought to be important in resistance against specialist butterfly larvae Lincoln 1994, 1997) .
Effects of Herbivory on Offspring Resistance to Parasites
Both genetic and environmental effects determine the resistance of progeny to parasites. For example, I found that grandmaternal and/or maternal family explained significant variation in plant resistance to pathogenic lesions, a leaf-chewing herbivore, and aphids. This familial variation is likely to be genetically based, as maternal effects on seed mass were controlled for and the original seeds used in this experiment were obtained from plants growing in a common greenhouse (unmanipulated) for two generations. In a companion study, I found that herbivory on the maternal plant by Pieris caterpillars, irrespective of its effects on seed mass, caused the offspring to be more resistant to herbivory by Pieris caterpillars in greenhouse Note: Seed mass was positively associated with infection. In this ANOVA, the error df and ms were used in the denominator to calculate all the F ratios. G p grandmaternal family; M p maternal environment. (Agrawal et al. 1999c) . Caterpillars grew 20% less on seedlings from damaged mothers compared with caterpillars on seedlings from undamaged mothers. These data provide evidence for transgenerational induction of defenses when seedlings from caterpillar-damaged mothers were challenged with caterpillars. Conversely, in the field experiment, herbivory on the maternal plant decreased progeny resistance to virus. It is possible that, because parent plants were not exposed to the virus (only caterpillar herbivory), resistance to virus was relaxed. In other words, there may be some level of specificity in transgenerational induced plant resistance. Caterpillar damage is followed by induced resistance to caterpillars within a generation (i.e., Agrawal 2000) and induced resistance to caterpillars across generations (Agrawal et al. 1999c) ; perhaps virus infestation would be followed by transgenerational resistance to the virus (see below for an example). However, I found no increase in resistance to the virus, and actually found increased susceptibility to the virus following herbivory. There is mounting evidence for trade-offs between induced plant resistance to herbivores and pathogens (Agrawal et al. 1999b; Felton et al. 1999; Thaler et al. 1999 ). It appears that such trade-offs also occur as maternal effects of induction across generations.
Resistance characters of progeny, other than resistance to the virus, were not directly affected by herbivory on the maternal plant. Seed mass, however, did negatively correlate with resistance to all of the plant parasites. Here, resistance was operationally defined as the number of aphids, pits, or lesions per plant. When resistance was defined as the number of these parasites on a per leaf basis, I found no effect of seed mass on aphids or lesions (data not shown), but there was still a positive correlation of seed mass and pits. Because herbivory on the maternal plant affected seed mass, positively in some families and negatively in other families, herbivory caused a maternal effect that indirectly affected resistance to parasites. Overall, herbivory can alter offspring quality such that there are direct and indirect consequences for the progeny's resistance to several parasites.
A few other studies have examined the effects of parasitism or the threat of predation on the defensive phenotype of offspring (Agrawal et al. 1999c ). Systemic acquired resistance (SAR) of plants to pathogens is a parallel phenomenon to induced resistance of plants to herbivores; plants initially infected with pathogenic fungi, bacteria, or viruses subsequently become more resistant to a variety of pathogens (Kuć 1982) . Roberts (1983) showed that tobacco plants (Nicotiana tabacum var. Samsun NN) inoculated with tobacco mosaic virus (TMV, Tobamovirus sp.) induced SAR in the selfed progeny of the infected plants compared with the progeny of uninfected plants. Mean lesion diameter (an indicator of plant susceptibility to the virus) in TMV-inoculated progeny was 38% smaller on plants from infected mothers compared with the progeny of uninfected mothers. In another study of tobacco plants (N. tabacum var. Ky 14), Tuzun and Kuć (1987) found that SAR induced by the blue mold pathogen (Peronospora tabacina) did not transfer to the offspring via seeds. However, they did find that plants derived from tissue culture from various plant parts of induced plants were systemically protected against subsequent challenges with P. tabacina.
Transgenerational effects of predation risk have also been reported in animals. Induction of some morphological defenses (pointy helmets in water fleas, Daphnia cucullata, and spines in rotifers, Brachionus calyflorus) are induced in the offspring of parents exposed to waterborne (Gilbert 1967; Agrawal et al. 1999c) . When pregnant females of the viviparous lizard Pseudemoia pagenstecheri were exposed to scents of a predatory snake, the offspring were heavier, had longer tails, and were much more responsive (tongue flicking) than offspring from control mothers (Shine and Downes 1999) . Each of these antipredatory responses may increase the survival of offspring in environments with predators.
Effects of Herbivory on Offspring Growth
In this study, both genetic and environmental factors contributed to components of plant fitness. Grandmaternal and maternal family contributed to variation in early season growth and number of flowers produced early in the reproductive phase. Herbivory on maternal plants affected progeny reproduction through a genotype by environment interaction for effects of herbivory and family on fitness components (table 5) . This key result suggests that maternal effects imposed by herbivory may be subject to natural selection.
Seed mass, which was strongly influenced by maternal environment, also influenced components of plant fitness. As is often reported, effects of seed mass were strongest in early season growth (Weiner et al. 1997) . Seed mass was a strong predictor of seedling emergence and the number of leaves plants produced, but it had a less detectable effect on flower or fruit production. This is surprising, given that other studies of wild radish have found a significant effect of seed mass on components of adult fitness (Stanton 1984; Mazer 1987) . Like these previous studies, the plants in my experiment had a high level of competition from other plants. However, water was generally not a limiting resource in this El Niño year (i.e., very heavy rains in northern California), perhaps attenuating the effect of seed mass variation even in the highly competitive environment. Another explanation for the lack of effect of seed mass on components of adult fitness is given below.
Two other studies have examined the consequences of herbivory for progeny success. Crawley and Nachapong (1985) showed that ragwort plants protected from cinnabar moth caterpillar herbivory produced larger seeds than plants that were defoliated and produced "regrowth seeds" later in the season. They also demonstrated that transgenerational effects of herbivory reduced seedling establishment but only in competitive environments. Weiner et al. (1997) asked similar questions for seeds of spotted knapweed but found that seed mass was unaffected by herbivory or fertilization of the maternal plant. Maternal identity and seed mass did have short-lived effects on components of seedling fitness. However, these effects quickly dissipated, and no effects of herbivory per se were detected in the reproductive characters of the next generation.
In similar experiments with animals, induction of some morphological defenses (neckteeth) in Daphnia pulex caused a maternal effect whereby offspring of induced D. pulex were larger than offspring of uninduced individuals (Tollrian 1995b) . Although large size is typically associated with faster growth and higher reproductive potential in D. pulex (as in plants), large size in the early instars increased probability of encounters with predators and vulnerability to attack (Tollrian 1995a) . Similar results have been reported in plant-herbivore systems, with larger seeds being more heavily attacked than smaller seeds (Mitchell 1977;  Kelrick et al. 1986; Bailey and Polis 1987) . My results support this finding; larger seeds turned into larger plants, which were more heavily attacked by herbivores and pathogens. In the end, there was no overall benefit or cost to having large seeds, perhaps because growth benefits were compromised by increased susceptibility to plant parasites. This calls attention to the familial variation in maternal effects observed; some families produced larger seeds when attacked by herbivores, while some families produced smaller seeds when attacked by herbivores. It is possible that this variation is maintained, in part, because of balancing selection. Although larger seeds may produce competitively superior plants, such plants may also be subject to greater levels of attack by herbivores and pathogens.
Adaptive Maternal Effects?
In the past, environmentally induced plasticity and maternal effects were thought to constrain adaptive evolution because phenotypic differences in individuals are, at least in part, uncoupled from genotypic differences (Falconer 1989; Kirkpatrick and Lande 1989) . A more recent view has been that phenotypically plastic traits that affect fitness should themselves be subject to natural selection (e.g., Mousseau and Dingle 1991; Schmitt et al. 1992; Plantenkamp and Shaw 1993; Sultan 1996; Byers et al. 1997; Fox et al. 1997; Mousseau and Fox 1998; Thiede 1998) . If so, then genetically determined levels of plasticity for traits such as maternal effects may be influenced by natural selection. The lag time between maternal environment (gene activation) and offspring phenotype (the target of selection) has the potential to increase or decrease the responses to natural selection (Kirkpatrick and Lande 1989) , and only recently have studies begun to examine the evolutionary consequences of maternal effects (Schluter and Gustafsson 1993; Thiede 1998) .
Little is currently known about the genetics of herbivore-induced defenses in plants and the maternal effects with which they are associated (Agrawal 1999a) . There is a genetic basis for some of the maternal effects reported in this study, including effects on components of fitness. In addition, herbivory on the maternal plant affected resistance of progeny and fitness components through effects on seed mass, and there is strong evidence that there is genetic variation for how herbivory affects seed mass. Genetic variation in the effects of herbivory on seed mass may mediate effects on the competitive ability of offspring and the ability of offspring to resist plant parasites. Given that these effects are antagonistic, with larger seeds generally having greater competitive ability (Stanton 1984 (Stanton , 1985 and reduced resistance, selection may maintain variation in such maternal effects.
As for other forms of phenotypic plasticity, maternal effects can only be adaptive if environmental information in the maternal generation predicts the environmental conditions of progeny (Karban et al. 1999) . In this study, I experimentally manipulated the maternal environment with controlled caterpillar herbivory. In the field, caterpillars were not a major pest of the plants. Therefore, a definitive test of the adaptive nature of maternal effects caused by herbivory will necessarily involve examining maternal effects and environmental correlations across years. For wild radish plants, caterpillar herbivory in the maternal generation directly increased the resistance of progeny to caterpillar herbivory (Agrawal et al. 1999c) ; if herbivore densities are correlated across years, maternally induced defenses of plants should be favored by natural selection.
